striking departure from the biconcave disc shape normally found in mammals. 20
Introduction 43 44
Human sickling is caused by a single amino acid change (E6V) in the adult β-globin 45 (HBB) protein (1). Upon deoxygenation, steric changes in the haemoglobin tetramer 46 enable an interaction between 6V and a hydrophobic acceptor pocket (known as the 47 independent clustering of putative HBB A and HBB F genes on an HBB A/F gene tree 118 ( Fig. S2 ). To confirm these assignments, we sequenced mRNA from the blood (red 119 cell component) of an adult Père David's deer (Elaphurus davidianus) and assembled 120 the erythrocyte transcriptome de novo (see Materials and Methods). We identified a 121 highly abundant β-globin transcript (>200,000 transcripts/million, Fig. S3a ) 122 corresponding precisely to the putative adult β-globin gene amplified from genomic 123 DNA of the same individual (Fig. S3b ). Reads that uniquely matched the putative 124 HBB A gene were >2000-fold more abundant than reads uniquely matching the 125 putative HBB F gene (see Materials and Methods), which is expressed at low levels, as 126 is the case in human adults (30). Our assignments are further consistent with peptide 127 sequences for white-tailed deer (22), fallow deer (Dama dama) (31) and reindeer (32) 128 that were previously obtained from the blood of adult individuals. We then considered 129 deer HBB A orthologs in a wider mammalian context, restricting analysis to species 130 with high-confidence HBB assignments (see Materials and Methods). Treating wapiti 131 as non-sickling, and four species as indeterminate (no or insufficient phenotyping of 132 sickling; Table S1 ), we find three residues ( Fig. 1 ) that discriminate sickling from 133 non-sickling species: 22 (non-sickling: E, sickling: V/I), 56 (n-s: H, s: G), and 87 (n-s: 134 K, s: Q/H). The change at residue 22, from an ancestral glutamic acid to a derived 135 valine (isoleucine in Pudu puda) is reminiscent of the human HbS mutation and 136 occurs at a site that is otherwise highly conserved throughout mammalian evolution. 137
The only other amino acid state at residue 22 in our alignment is a biochemically 138 conservative change to aspartic acid (D) in the brown rat (Rattus norvegicus). 139 140 141 142
Structural modelling supports an interaction between 22V and the EF pocket 143 144
To understand how sickling-associated amino acids promote polymerization, we 145 examined these residues in their protein structural context. Residue 22 lies on the 146 surface of the haemoglobin tetramer, at the start of the second alpha helix ( Fig. 2a) . 147
Close to residue 22 are residue 56 and two other residues that differ between non-148 sickling reindeer and moose (but not wapiti) and established sickling species: 19 (n-s: 149 K, s: N) and 120 (n-s: K, s: G/S). Together these residues form part of a surface of 150 increased hydrophobicity in sickling species (Fig. 2b ). Distal to this surface, residue 151 87 is situated at the perimeter of the EF pocket, which in humans interacts with 6V to 152 laterally link two β-globin molecules in different haemoglobin tetramers and stabilize 153 the parallel strand architecture of the HbS fibre (2, 3, 33, 34) . Mutation of residue 87 154 in humans can have marked effects on sickling dynamics (35). For example, 155 erythrocytes derived from HbS/Hb Quebec-Chori (T87I) compound heterozygotes 156 sickle like HbS homozygotes (36) while Hb D-Ibadan (T87K) inhibits sickling (37) . 157 158 Given the similarity between the human E6V mutation and E22V in sickling deer, we 159 hypothesized that sickling occurs through an interaction in trans between residue 22 160 and the EF pocket. To test whether such an interaction is compatible with fibre 161 formation, we carried out directed docking simulations centred on these two residues 162 using a homology model of oxy β-globin from white-tailed deer (see Materials and 163 Methods). We then used the homodimeric interactions from docking to build 164 polymeric haemoglobin structures, analogous to how the 6V-EF interaction leads to 165 extended fibres in HbS homozygotes. Strikingly, nearly half of our docking models 166 resulted in HbS-like straight, parallel strand fibres (Fig. 2c) . In contrast, when we 167 performed similar docking simulations centred on residues other than 22V, nearly all 168 were incompatible or much less compatible with fibre formation (Fig. 2d ). Out of all 169 145 b-globin residues, only 19N, which forms a contiguous surface with 22V, has a 170 higher propensity to form HbS-like fibres. By contrast, when docking is carried out 171 using the deoxy b-globin structure 22V is incompatible with fibre formation, 172 consistent with the observation that sickling in deer occurs under oxygenated 173 conditions. Importantly, when this methodology is applied to human HbS, we find 174 that 6V has the highest fibre formation propensity out of all residues under deoxy 175 conditions ( Fig. S4a ), providing validation for the approach. 176 177 Next, we used a force field model to compare the energetics of fibre formation across 178 deer species. We find that known non-sickling species and species suspected to be 179 non-sickling based on their β-globin primary sequence (Chinese water deer, roe deer) 180 exhibit energy terms less favourable to fibre formation than sickling species ( Fig. 2e ). 181
To elucidate the relative contribution of 22V and other residues to fibre formation, we 182 introduced all single amino acid differences found amongst adult deer β-globin 183 individually into a sickling (O. virginianus) and non-sickling (R. tarandus) 184 background in silico and considered the change in fibre interaction energy. Changes at 185 residue 22 have the strongest predicted effect on fibre formation, along with two 186 residues -19 and 21 -in its immediate vicinity ( Fig. S4b To shed light on the evolutionary history of sickling and elucidate its potential 196 adaptive significance, we considered sickling and non-sickling genotypes in 197 phylogenetic context. First, we note that the HBB A gene tree and the species tree 198 (derived from 20 mitochondrial and nuclear genes, see Materials and Methods) are 199 highly discordant ( Fig. 3a) . Notably, non-sickling and sickling genotypes are 200 polyphyletic on the species tree but monophyletic on the HBB A tree where wapiti, an 201
Old World deer, clusters with moose and reindeer, two New World deer. Gene tree-202 species tree discordance can result from a number of evolutionary processes, 203
including incomplete lineage sorting, gene conversion, introgression, and classic 204 convergent evolution, where point mutations arise and fix independently in different 205 lineages. In our case, the convergent evolution scenario fits the data poorly. 206
Discordant amino acid states are found throughout the HBB A sequence and are not 207 limited to sickling-related residues (see, for example, the tract of amino acids between 208 residue 44 and 66 shared by R. tarandus and C. capreolus in Fig. 1 ). Furthermore, in 209 many instances, amino acids shared between phylogenetically distant species are 210 encoded by the same underlying codons. Conspicuously, this includes the case of 211 residue 120 where all three codon positions differ between sickling species 212 (GGT/AGT) and non-sickling relatives (AAG in reindeer, moose, and the non-213 sickling ancestor; Fig. S5 , Supplementary Data File 1). Even if convergence were 214 driven by selection on a narrow adaptive path through genotype space, precise 215 coincidence of mutational paths at multiple non-synonymous and synonymous sites 216 must be considered unlikely. Rather, these patterns are prima facie consistent with 217 incomplete lineage sorting. 218
219
Gene conversion affects HBB A evolution but does not explain the phyletic pattern of 220 sickling 221
222
To shore up this conclusion and rule out alternative evolutionary scenarios, we next 223 asked whether identical genotypes, rather than originating from de novo mutations, 224 might have been independently reconstituted from genetic diversity already present in 225 other species (via introgression) or in other parts of the genome (via gene conversion). 226
To evaluate the likelihood of introgression and particularly gene conversion, which 227 has been attributed a prominent role in the evolution of mammalian globin genes (26), 228
we first searched for evidence of recombination in an alignment of deer HBB A and 229 HBB F genes. HBB F , the most recently diverged paralog of HBB A and itself refractory 230 to sickling (19), is the prime candidate to donate non-sickling residues to HBB A in a 231 conversion event. Using a combination of phylogeny-based and probabilistic 232 detection methods and applying permissive criteria that allow inference of shorter 233 recombinant tracts (see Materials and Methods), we identify eight candidate HBB F -to-234 HBB A events, two of which, in Chinese water deer and wapiti, are strongly supported 235 by different methods and likely account for hybrid genotypes in exon 2 (Fig. 3b ). In 236 addition, we find evidence for recombination in wapiti exon 3. Unlike regions further 237 upstream, the segment affected is 100% identical to other Cervus spp., which might 238 be explained by allelic recombination during incomplete lineage sorting (see below). 239
Note, however, that we find no evidence for gene conversion at residue 22 ( Fig. 3b , 240 between HBB F and/or HBB A genes therefore does not explain the re-appearance of 242 22V in white-tailed deer and pudu (or 22E in wapiti). Consistent with this, removal of 243 putative recombinant regions does not affect the HBB F /HBB A gene tree, with wapiti 244 robustly clustered with other non-sickling species whereas white-tailed deer and pudu 245 cluster with Old World sickling species (Fig. S6c ). We further screened raw genome 246 sequencing data from white-tailed deer and wapiti for potential donor sequences 247 beyond HBB F , such as HBE or pseudogenized HBD sequences, but did not find 248 additional candidate donors. Thus, although gene conversion is a frequent 249 phenomenon in the history of mammalian globins (26) and contributes to evolution of 250 HBB loci in deer, it does not by itself explain the recurrence of key sickling/non-251 sickling residues. Rather, gene conversion introduces additional complexity on a 252 background of incomplete lineage sorting. 253 254
Balancing selection has maintained ancestral variation in HBB A 255 256
The presence of incomplete lineage sorting and gene conversion confounds 257 straightforward application of rate-based (dN/dS-type) tests for selection, making it 258 harder to establish whether the sickling genotype is simply tolerated or has been under 259 selection. We therefore examined earlier protein-level data on HBB A allelic diversity 260 in extant deer populations. Intriguingly, we find evidence for long-term maintenance 261 of ancestral variation. Two rare non-sickling β-globin alleles in white-tailed deer 262 (previously identified from partial peptide digests) cluster with the non-sickling β-263 globin of reindeer rather than with the white-tailed deer sickling allele ( Fig. 3c ), albeit 264 with modest bootstrap support. In addition, protein-level allelic diversity has also 265 been observed in fallow deer, a sickling Old World deer, where the alternate β-chain 266 (31) is closely related to the moose sequence but substantially different from the 267 sickling allele that we recovered in our sample ( Fig. 3c ). Finally, phenotypic 268 heterogeneity in wapiti (12) and sika deer (38) sickling indicates that rare sickling and 269 non-sickling variants, respectively, also segregate in these two species. Taken selection be evoked to account for its survival? We currently lack information on 277 broader patterns of genetic diversity at deer HBB A loci and surrounding regions that 278 would allow us to search for footprints of balancing selection explicitly. However, we 279 can estimate the probability P that a trans-species polymorphism has been maintained 280 along two independent lineages by neutral processes alone as 281
where T is the number of generations since the two lineages split and N e is the 283 effective population size (40, 41). For simplicity, N e is assumed to be constant over T 284 and the same for both lineages. In the absence of reliable species-wide estimates for 285 N e , we can nonetheless ask what N e would be required to meet a given threshold P=0.01). Although deer populations can have a large census population sizes, an N e 290 >2,000,000 for both fallow and white-tailed deer is comfortably outside what we 291 would expect for large-bodied mammals, >4-fold higher than estimates for wild mice 292 (44) and >2-fold higher even than estimates for African populations of Drosophila 293 melanogaster (45). Consequently, we posit that the HBB A trans-species 294 polymorphism is inconsistent with neutral evolution and instead reflects the action of 295 balancing selection. 296
297
Balanced polymorphisms shared between human and chimp are principally related to 298 immune function and parasite pressure (46, 47), so it is tempting to speculate that 299 similar selection pressures might operate in deer, which host a number of intra-300 erythrocytic parasites including Babesia (48) and Plasmodium (49). Unlike in 301 humans, however, the maintenance of two distinct alleles cannot be attributed to 302 heterozygote advantage: Sickling homozygotes are the norm in white-tailed deer (20, 303 22, 50) and not associated with an outward clinical phenotype, indicating that the cost 304 of bearing two sickling alleles must be comparatively low. Why, then, is the non-305 sickling allele being maintained? One possibility is that the sickling allele is cost-free 306 most of the time, as previously suggested (24), but carries a burden in a particular 307 environment, so that the sickling or non-sickling allele might be favoured in different for which phenotypic sickling information is available, there is a marked geographic 312 asymmetry in sickling status, where non-sickling species are restricted to arctic and 313 subarctic (elk, reindeer) or mountainous (wapiti) habitat. This might indicate that the 314 sickling allele loses its adaptive value in colder climates (perhaps linked to the lower 315 prevalence of blood-born parasites). However, based on genotype, we would also 316 predict Chinese water deer and roe deer to be amongst the non-sicklers yet these 317 species are widespread in temperate regions and their ranges overlap extensively with 318 sickling species, challenging the hypothesis that ambient temperature is a primary 319 driver of sickling. Future epidemiological studies coupled to ecological and 320 population genetic investigations will be required to unravel the evolutionary ecology 321 of sickling in deer, establish whether parasites are indeed ecological drivers of 322 between-and within-species differences in HBB A genotype and, ultimately, whether 323 deer might serve as a useful comparative system to elucidate the link between sickling 324 and protection from the effects of Plasmodium infection, which remains poorly 325 understood in humans. 326 327 328
Materials and Methods 329 330
Sample collection and processing. Blood, muscle tissue, and DNA samples were 331 acquired for 15 species of deer from a range of sources (Table S1) . 332
The white-tailed deer blood sample was heat-treated on import to the United 333 Kingdom in accordance with import standards for ungulate samples from non-EU 334 countries (IMP/GEN/2010/07). Fresh blood was collected into PAXgene Blood DNA 335 tubes (PreAnalytix) and DNA extracted using the PAXgene Blood DNA kit 336 (PreAnalytix). DNA from previously frozen blood samples was extracted using the 337
QIAamp DNA Blood Mini kit (Qiagen). DNA from tissue samples was extracted with 338 the QIAamp DNA Mini kit (Qiagen) using 25mg of tissue. Total RNA was isolated 339 from an E. davidianus blood sample using the PAXgene Blood RNA kit 340 (PreAnalytix) three days after collection into a PAXgene Blood RNA tube 341 (PreAnalytix). All extractions were performed according to manufacturers' protocols. 342
For each sample, we validated species identity by amplifying and sequencing the 343 cytochrome b (CytB) gene. With the exception of Cervus albirostris, we successfully 344
amplified CytB from all samples using primers MTCB_F/R ( Fig. S1 ) and conditions 345 as described in (51). Phusion High-Fidelity PCR Master Mix (ThermoFisher) was 346 used for all amplifications. PCR products were purified using the MinElute PCR 347
Purification Kit (Qiagen) and Sanger-sequenced with the amplification primers. The 348
CytB sequences obtained were compared to all available deer CytB sequences in the 349 10kTrees Project (52) using the ape package (function dist.dna with default 350 arguments) in R (53). In all cases, the presumed species identity of the sample was 351 confirmed (Table S2) . corresponding to the putative adult β-globin ( Fig. S1d ). Using these primers, no 411 product could be amplified from R. tarandus, H. inermis, and C. capreolus. We 412 identified a 3bp mismatch to the Ovirg_R1 primer in a partial assembly of C. 413 capreolus (Genbank accession: GCA_000751575.1; scaffold: CCMK010226507.1) 414
that is likely at fault. A re-designed reverse primer (Ccap_R1) successfully amplified 415 the adult β-globin gene from the three deer species above as well as C. canadensis 416 ( Fig. S1 ). All amplifications were performed using Phusion High-Fidelity PCR 417
Master Mix (ThermoFisher), with primers as listed in Fig. S1a , and 50-100ng of 418 genomic DNA. Annealing temperature and step timing were chosen according to 419 manufacturer guidelines. Amplifications were run for 35 cycles. Gel extractions were 420 performed on samples resolved on 1% agarose gels for 40 minutes at 90V using the 421 MinElute Gel Extraction Kit (Qiagen) and following the manufacturer's protocol. David's deer genomic DNA (Fig. S3b ). We used emsar (61) with default parameters 439
to assess transcript abundances. The three most abundant reconstructed transcripts 440 correspond to full or partial α-and β-globin transcripts, including one transcript, 441 highlighted above, that encompasses the entire adult β-globin CDS. These transcripts 442 are an order of magnitude more abundant than the fourth most abundant (Fig. S3a) , in 443 line with the expected predominance of α-and β-globin transcripts in mature adult 444 red blood cells. To investigate whether the foetal β-globin could be detected in the 445 RNA-seq data and because amplification of the foetal β-globin from Père David's 446 deer genomic DNA was not successful, we mapped reads against the foetal β-globin 447 gene of C. e. elaphus, the closest available relative. Given that the CDS of the adult β-448 globins in these species are 100% identical, we expected that the foetal orthologs 449 would likewise be highly conserved. We therefore removed reads with more than one 450 mismatch and assembled putative transcripts from the remaining 1.3M reads using the 451 Geneious assembler v.10.0.5 (62) with default parameters (fastest option enabled). 452
We recovered a single contig with high homology to the C. e. elaphus foetal β-globin 453 CDS (only a single mismatch across the CDS). We then estimated the relative 454 Modelling of haemoglobin fibres. We first used the program HADDOCK (66) with 469 the standard protein-protein docking protocol to generate ensembles of docking 470 models of β-globin dimers. In each docking run, a different interacting surface 471 centred around a specific residue was defined on each β-globin chain. All residues 472 within 3Å of the central residue were defined as "active" and were thus constrained to 473 be directly involved in the interface, while other residues within 8Å of the central 474 residue were defined as "passive" and were allowed but not strictly constrained to 475 form a part of the interface. We performed docking runs with the interaction centred 476
between residue 87 and all other residues, generating at least 100 water-refined β-477 globin dimer models for each (although 600 O. virginianus oxy β-globin 22V-87Q 478 models were built for use in the interaction energy calculations). The β-globin dimers 479
were then evaluated for their ability to form HbS-like fibres out of full haemoglobin 480 tetramers. Essentially, the contacts from the β-globin dimer models were used to build 481 a chain of five haemoglobin molecules, in the same way that the contacts between 6V 482 and the EF pocket lead to an extended fibre in HbS. HbS-like fibres were defined as 483 those in which a direct contact was formed between the first and third haemoglobin 484 tetramers in a chain (analogous to the axial contacts in HbS fibres, see Fig. 2c ), and in 485 which the chain is approximately linear. This linearity was measured as the distance 486 between the first and third plus the distance between the third and the fifth 487 davidianus have identical amino acid sequence, only one of these was included here. 500
The energy of the interaction was then calculated using the 'AnalyseComplex' 501 function of FoldX, and then averaged over all docking models. The same protocol 502 was then used for the analysis of the effects of individual mutations, using all possible 503 single amino acid substitutions observed in the adult deer sequences, except that the 504 interaction energy was presented as the change with respect to the wild-type 505 sequence. 506 507 Detection of recombination events. We considered two sources of donor sequence for 508 recombination into adult β-globins: adult β-globin orthologs in other deer species and 509 the foetal β-globin paralog within the same genome. H. inermis HBB F was omitted 510 from this analysis since the sequence of intron 2 was only partially determined. We 511 used the Recombination Detection Program (RDP v.4.83) (68) to test for signals of 512 recombination in an alignment of complete adult and foetal deer β-globin genes that 513
were successfully amplified and sequenced, enabling all subtended detection methods 514 (including primary scans for BootScan and SiScan) except LARD, treating the 515 sequences as linear and listing all detectable events. In humans, conversion tracts of 516 lengths as short as 110bp have been detected in the globin genes (69) and tracts as 517 short as 50bp in other gene conversion hotspots (70, 71). Given the presence of 518 multiple regions of 100% nucleotide identity across the alignment of adult and foetal 519 deer β-globins (Fig. 3b ), we suspected that equally short conversion tracts might also 520 be present. We therefore lowered window and step sizes for all applicable detection 521 methods in RDP (Fig. S6b) at the cost of a lower signal-to-noise ratio. As the 522 objective is to test whether recombination events could have generated the phyletic 523 are numbered according to human HBB, skipping the leading methionine. Dots 785 represent residues identical to the consensus sequences, defined by the most common 786 amino acid (X indicates a tie). Key residues discussed in the text are highlighted. β-787
globin sequences from deer are coloured according to documented sickling state: red 788 = sickling, blue = non-sickling, grey = indeterminate (Table S1 ). Green cylinders 789
highlight the position of α-helices in the secondary structure of human HBB. alleles group with non-sickling species (coloured as in Fig. 1 ). Amino acid identity at 823 key sites is shown on the right. ?: amino acid unresolved in primary source. 824 825 826 827
Fig. 3. Evidence for incomplete lineage sorting, gene conversion, and a trans-
Fig. S1. 828 829
Amplification of deer β-globin genes. a, Primers used in this study. b, Primer 830 combinations used to amplify adult and foetal β-globin genes in different species. 831
Where possible, gel excision was used to isolate the co-amplified foetal β-globin 832
band. In certain cases, the adult gene could also be selectively amplified using primers 833
Ovirg_F1/Ovirg_R2 (see panel e, lanes 1,2) . Putative HBB A and HBB F genes cluster separately on an HBB A /HBB F gene tree. 845
The tree is a maximum likelihood reconstruction based on a nucleotide alignment of 846 complete exonic and intronic sequences (see Materials and Methods 16S bacterial ribosomal RNA gene 5'-aminolevulinate synthase 2 (ALAS2) S100 calcium binding protein A12 (S100A12) Analysis of sickling propensity in human and deer. a, Fibre formation propensity 866
assuming an interaction between the EF pocket and a given focal residue on two 867 different β-globin chains, essentially as in Fig. 2d , but using the structure of human 868 deoxyhaemoglobin S (HbS). Fibre formation propensity represents the fraction of the 869 100 β-globin dimer models built for each position that can form HbS-like fibres. b, 870
Effects on fibre interaction energy of replacing defined single amino acids in the 
Fig. S6 881 882
Detection of gene conversion and introgression events in deer β-globin genes. a, 883
Recombination events predicted from an alignment of deer HBB F and HBB A genes by 884 different methods. Breakpoint positions are given relative to each focal sequence.
885
Where two sequences are affected (events 6,8,11) positions refer to the top sequence. 886 b, Non-default parameters used for detecting recombination events with RDP. c, 887
Maximum likelihood tree derived from the alignment of adult (orange) and foetal 888
(green) β-globin genes after predicted recombinant regions have been removed. 889
Branch support values derived from 100 bootstrap replicates are given. 890 891
Window size
Step size Figure S7 . Detection of gene conversion and introgression events in deer β-globin genes. a, Recombination events predicted from an alignment of deer HBB F and HBB A genes by different methods. Breakpoint positions are given relative to each focal sequence. Where two sequences are affected (events 6,8,11) positions refer to the top sequence. b, Non-default parameters used for detecting recombination events with RDP. c, Maximum likelihood tree derived from the alignment of adult (orange) and foetal (green) β-globin genes after predicted recombinant regions have been removed. Branch support values derived from 100 bootstrap replicates are given.
*due to high local conservation, the exact breakpoint position can be uncertain. F: HBB F ; A: HBB A ; NS: Not significant. 907  Table S1 . 908 909
Species considered in this study, previous evidence for sickling and sample origins. 910
For each sample, species identity was confirmed by sequencing the mitochondrial 911
CytB gene (see Table S2 ). For species in which both sickling and non-sickling 912
individuals have been previously identified, the more common phenotype (as found in 913 the associated references) is listed. 914 915 916 917 
